Abstract: Contributions of sites, rootstocks, and scion clones (and the interactions between these factors) to scion growth and reproduction were studied in loblolly pine (Pinus taeda L.). Twenty-five full-sib families were used as rootstocks. Six scion clones were grafted on them in all combinations. Study sites were three seed orchards in the southeastern United States; trees were measured 8 years after grafting. Scion elongation, diameter at breast height (DBH) of the main leader, crown diameter, cone counts, and number of male and female strobili were measured at all sites. Crown diameter and tree height were combined into a crown volume index. Highly significant differences existed among scion clones for all traits. When analyzed over all three sites, the only trait with significant rootstock effects was DBH. There were significant rootstock × scion interactions for total scion elongation, crown volume index, and DBH and significant site × scion interactions for strobili counts and cone count. In analyses by clone, rootstock effects were expressed differently in the different clones. There were significant rootstock effects for three traits in each of three clones and no effects at all in two clones. For all traits the largest variance component was for either site or scion clone. Components for rootstocks were small or zero. These results show that the scion clone and site have more control on scion growth and reproduction of grafted loblolly pine than the rootstock. The study did not identify full-sib families that (as rootstocks) would signficantly reduce scion elongation or signficantly increase cone production, for all six scion clones at all three sites.
Introduction
Loblolly pine (Pinus taeda L.) seed orchards are established in the southeastern United States primarily using grafts. Rootstock plants are usually seedlings obtained from a mix of seed from seed orchards. Using select rootstock families or clones is rare, apart from grafting some incompatible clones onto seedlings from the same clone.
Rootstocks are an effective tool for influencing scion behavior and performance in fruit tree species (Rom and Carlson 1987) . The horticultural literature has many reports of rootstock effects on scions, e.g., on tree vigor (Roose et al. 1989; Westwood et al. 1976) , yield (Roose et al. 1989; Westwood et al. 1976) , and phenology (Layne et al. 1977; Westwood 1970; Young and Houser 1980) . While research in conifers used in forestry is nowhere as extensive or comprehensive , there have been reports of marked differences in scion growth, attributable to rootstocks (Schmidtling 1983a; Melchior 1984; Sniezko 1986; Karlsson and Woods 1992) . However, this effect was not seen in other cases (van den Driessche 1974; Sniezko 1986) . Similarly, there have been effects reported on reproduction (Schmidtling 1983a) whereas in other studies, no effect was reported (Dyson 1975; Guldager 1972) . Little has been reported for conifers on rootstock effects on scion phenology, such as on onset of dormancy .
Rootstock effects, if they exist, could be important in tree improvement. First, stimulation of seed production would be very valuable in seed orchards. Water stress and other dormancyinducing treatments are used to encourage dormant bud formation earlier than normal (Greenwood 1981) . If some rootstocks cause early dormancy, they would allow more time to initiate strobili and promote strobili initiation. Second, a reduction of scion vigor could also be important, since harvesting cones is the greatest expense in managing loblolly pine seed orchards. Ramets can grow to 30 m or more, creating a need for large and expensive lift equipment. Rootstocks that reduce scion vigor without reducing seed production would be of great value.
More fundamental questions can be asked about the complex system of a grafted conifer, such as the relative effects of rootstocks and scions on scion behavior. While there are some estimates (Vyvyan 1934; Rives 1971; Moore 1975) , the information is not extensive, even for fruit tree species, and is very scarce in forestry species. Another is how stable is the effect of a rootstock over sites (different climatic regions, soil types, etc.). A lack of rootstock × site interactions would simplify the testing, production, and use of specific rootstocks. While results in Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) do suggest such a lack of interactions in the case of graft incompatibility (Copes 1982) , there is little information on Pinus species.
To select among rootstocks for operational use in seed orchards, an adequate genetic sample must be evaluated in a rigorous experimental design for a sufficient period (until the ramets reach commercial production) and over several environments. Few such studies have been conducted on loblolly pine .
This study was therefore undertaken to (1) test the effects of rootstocks, scion clones, and sites (and the interactions between these factors) on scion growth and reproduction in loblolly pine, (2) estimate the relative contributions to the variance in each trait by scion clones, rootstocks, sites, and the interactions between these factors, and (3) identify any full-sib families with useful properties as rootstocks.
Methods

Experimental layout
The study was installed at three seed orchards of members of the North Carolina State University -Industry Cooperative Tree Improvement Program (NCSU-ICTIP): Jefferson Smurfit Corp. (JSC), Bowater Corp. (BC), and South Carolina Commission of Forestry (SCCF). These orchards were at Brewton, Ala. (31°10′N, 87°05′W) , Oak Park, Ga. (32°20′N, 82°10′W), and Tillman, S.C. (32°24′N, 81°6′W), respectively. Scions from six clones, selected for fast growth and routinely used in second-generation orchards of the NCSU-ICTIP, were grafted on 25 full-sib rootstock families. Twenty of these families were selected from the slowest growing families of the first-generation breeding program of the Cooperative (in the hope of finding "dwarfing" rootstocks), while the other five were fastgrowing families. Two of the 25 rootstock families had one parent in common; all the others were unrelated. The scion clones were all unrelated to each other and the rootstock families. A list of the rootstock families and scion clones and their height performance levels are given in Jayawickrama (1991) .
The rootstocks were raised from seed in 164-cm 3 RL Super Cells starting in June 1986 and planted in fall 1986 at 4.6 × 9.1 m spacing. At each site, 12 trees were planted per rootstock family in a completely randomized design. In the spring of 1987, 150 g of ammonium nitrate was applied per tree. The trees were grafted in February and March 1988 with scions from ramets maintained at the NCSU Genetics Garden in Raleigh, N.C. Fifty grafts were made per scion clone per site (two per rootstock-scion combination). Standard wax grafting techniques (White et al. 1983 ) were used, and where possible, grafts were made at the same height on the rootstock. Weeds and pests were controlled as needed. Rootstock foliage was removed in February 1989 and standard seed orchard culture applied from then on (Jett 1986) .
Total height, diameter at breast height (DBH, 1.4 m), and crown diameter of the grafted trees were measured yearly at all three sites. Scion elongation was calculated as the difference between total height and the height of the graft union. The numbers of male strobili and female strobili were counted when the ramets were 2, 3, and 4 years old. Cone counts were taken at ages 7 and 8; cones were not counted at JSC at age 7 due to a poor cone crop. Crown diameter and total height were combined to form a crown volume index, which was the volume (cubic metres) of the crown (the crown being considered a cone starting at 1.5 m from the ground). Data are presented in this paper for the following six traits at all three sites: total scion elongation, DBH, crown volume index, and cone count (all at age 8) and total number of female strobili and total number of male strobili (both at years 2-4). The age 7 cone count is also briefly discussed.
Data analyses
The data were analyzed as a randomized complete block design for a combined analysis over locations, with the blocks being the three sites. Sites, rootstock families, and scion clones were considered random effects. Analysis of variance (ANOVA) was conducted on rootstock family × scion clone means within a site. The form of the ANOVA and the expected mean squares, obtained by using the RANDOM Note: Site, rootstock, and clone main effects are random. The degrees of freedom apply to the number of observations 8 years after grafting.
a S, site; R, rootstock family; C, scion clone. Table 1 . Form of ANOVA and expected mean squares for the overall study.
option in PROC GLM (SAS Institute Inc. 1989) , are given in Table 1 . The noninteger coefficients result from having a slight imbalance by age 8 (434 of the original 450 site-rootstock-clone combinations, 756 of the original 900 grafts, were available for measuring by then).
Contributions of the different terms were calculated by estimating the variance component attributed to each term using PROC VARCOMP method = type 1 (SAS Institute Inc. 1989). All factors (sites (S), rootstock families (R), and scion clones (C)) were considered random for this calculation. The relative contribution of each factor was calculated by dividing the variance component by the total variance. The total variance was calculated as follows:
The rootstocks were not a random sample of available families but selected for a specific trait (height growth). However, a test of the effect of rootstock family type showed no statistical difference between the previously designated fast-growing and slow-growing rootstock families (for the traits measured on scions). Thus the families were considered as drawn from a population of families (i.e., a random effect for ANOVA and variance components). Note: Values given are mean square estimates and (within parentheses) estimates of the probability of a larger F-value. Data analyzed as a randomized complete block design (sites and rootstocks considered to be random). Bold numbering indicates p-values ≤0.05. Data were subject to square-root transformation prior to analysis. Table 4 . ANOVA, by site, for the three reproduction traits.
Prior to data analyses, the observed residuals were tested for normality using PROC UNIVARIATE (SAS Institute Inc. 1989). Residuals for the original data differed significantly from a normal distribution, but when site × rootstock × clone means were used the residuals were well approximated by a normal distribution. An earlier analysis showed that the site × rootstock × clone interaction was nonsignificant for all traits and contributed very little to the variance. Thus, we pooled this term with experimental error. Strobili counts and cone counts showed deviations from a normal distribution even on a means basis. Counts were therefore subjected to the square root transformation (before taking means) for ANOVA and calculating variance components. When significant interactions were found the data were reanalyzed by the term involved in the interaction (e.g., by site for cone count).
Results
Mean values for all traits over the three sites (overall means, rootstock family means, scion clone means, and site means) are given in Table 2 . The range for rootstock family means was similar to that for scion clones, except for cone counts and the number of strobili. The largest ranges (for both rootstock families and scion clones) were for the number of strobili. The range for site means was largest for crown volume index.
Scion clones had very significant effects (p < 0.001) on all traits (Table 3 ). There were significant differences among sites (p < 0.001) for all traits. Rootstock effects were statistically significant only for DBH (p < 0.01). The site × clone interaction was significant (p < 0.001) for the three reproduction traits, while the site × rootstock interaction was significant for only one trait. The rootstock × clone interaction was significant (p < 0.001) for the three measures of vegetative growth.
When reproductive traits were analyzed by site, clone effects were highly significant at all sites (Table 4) . Further, there were significant rootstock effects for total male strobili at BC and JSC (p < 0.02) and for total female strobili at SCCF (p < 0.001). When the growth traits were analyzed by clone, site effects were highly significant in all clones (Table 5) . Further, clone 7-1095 showed significant rootstock effects for all three traits (p < 0.001). Clones 18-1210 and 8-1218 showed significant rootstock effects for scion elongation and DBH (p < 0.05). Analysis of reproduction by clone showed significant rootstock effects for total female strobili in clone 8-1218, for total male strobili in clone 18-1210, and for both total male strobili and cone count in clone 8-1166 (data not shown).
Scion clones accounted for 6.2-78% of the variance, sites for 3.6-71%, and rootstocks for less than 4% (Table 6 ). The site × clone interaction contributed at most 10% of the variance. The site × rootstock interaction contributed very little to the variance.
Age 7 cone production at the two sites measured was lower than age 8 production for the same two sites (14.1 cones per ramet versus 38.7). However, results of the hypothesis tests were the same as for age 8: statistically significant site, scion clone, site × clone effects with the other effects not significant (data not shown).
Discussion
Statistically significant differences were found among scion clones in all six traits measured (Tables 3 and 4) Table 5 . ANOVA, by scion clone, for the three growth traits at age 8.
Can. J. For. Res. Vol. 27, 1997 and used in second-generation seed orchards, they differed considerably in growth rate. They differed even more for reproduction with a 22-fold difference in female strobilus count (years 2-4) and a 17-fold difference in cone count at year 8 (Table 2) . Large clone differences in seed production are typically noted in seed orchards (Schmidtling 1983b; Jett 1986; Blush et al. 1993 ). Substantial differences have been found among scion clones in previous rootstock studies for scion growth (Bryndum 1965; McKinley 1975; Sniezko 1986 ), reproduction (Sniezko 1986; Schmidtling 1988) , and flushing behavior (Melchior 1984 ). Significant differences among sites for five of the six traits (Tables 3 and 5 ) and site × clone interactions for four of the six traits (Table 3) can be attributed to climatic and soil differences and the response of scion clones to them. The three sites represented a wide longitudinal range. Differences have been found between sites for reproduction (Melchior 1987) and compatibility (Copes 1982) in grafted conifers; the productivity of seed orchards is strongly influenced by location (Jett 1986) .
Two clones (11-1135 and 11-1154) had no differences among rootstocks at all. Three clones (7-1095, 8-1166, and 18-1210) showed rootstock effects in three traits and 8-1218 in four traits. This pattern and the significant rootstock × clone interactions for three traits (cone count, number of male strobili, and number of female strobili, Table 3 ) indicate a modest potential for matching scion clones to rootstock families to maximize seed production. Such matching would, however, be prohibitive if many clones were used and each clone had to be individually tested on the rootstock families. Previous studies on scion elongation in pine species have not shown significant rootstock × clone interactions (McKinley 1975; Sniezko 1986 ).
Rootstocks had relatively little effect on scion behavior when averaged across clones and sites (Tables 3 and 6 ). It was noteworthy that while there was no effect on scion elongation, there was an effect on DBH. The apparent effect of rootstocks on the number of male strobili (years 2-4) at BC and JSC could be due to an effect on precocity (Table 4) . Considering age 2 data only, the rootstock family had a significant effect on number of female strobili (Jayawickrama 1991) , and possibly an effect on precocity as well. This effect was not, however, accompanied by an effect on cone count at age 8. Precocity would be useful in accelerating breeding programs by producing more strobili for controlled crosses in young ramets. Earlier results of this study had shown scion clones to have a very significant effect on the date of onset of dormancy, contributing 9.6% of the variance, while the contribution of rootstocks to the variance was negligible (Jayawickrama 1991) .
Three reasons are proposed as to why the scion clone was more important than the rootstock family in the control of most traits. First, all traits measured were expressed by the scion. It has been suggested that the various parts of a tree are autonomous and the scion maintains its characteristics even when grafted (Wutscher 1989) . Apical dominance is an example where a distinct structure of command is set up within a plant, strongly regulating the development of different organs and regions (Hillman 1984) . Grafts with scions from older loblolly pine ortets produced more female strobili and grew slower than grafts with scions from 1-year-old seedlings (Greenwood 1984) . This followed the pattern in older trees versus seedlings. The stronger scion influence may be because an influence from the rootstock would be exerted indirectly, while the scion genotype influenced it directly. Second, as suggested in Copes (1982) , full-sib families were used as rootstocks, while clones were used as scions; thus, while ramets within a scion clone had identical genotypes, there was genetic variation within a rootstock family. Significant rootstock effects were found on several scion traits at age 15-18 months in a study on Pinus caribaea Mor. var. hondurensis Barr. et Golf where clonal rootstocks were used (Haines and Simpson 1994) . Third, the number of individuals per scion clone was larger than the numbers per rootstock family. The second and third reasons may have contributed to lower levels of significance among rootstocks.
The second and third issues above were, however, a result of the objectives of the study. Since the main purpose was to screen a reasonable number of rootstocks, there were more rootstock families than scions. Also, rooting ability declines with age in loblolly pine (Greenwood et al. 1991) . As a result, it would be difficult to root cuttings of an outstanding rootstock tree (which would typically not have foliage anyway). Thus, for now, a desired rootstock could be reliably propagated vegetatively only if the original donor plant was kept hedged, as hedging can reduce ageing (Greenwood et al. 1991) . Given this constraint, the use of full-sib families is the most cost-effective option.
Results with stronger scion effects (compared with rootstock effects) have been reported before, such as for fruit yield in grape (Vitis vinifera L.) (Rives 1971 ) and numbers of flowers and fruits in apple (Malus domestica Borkh.) (Moore 1975 In other studies, the rootstock was more important than the scion, such as for seed yield in common bean (Phaseolus vulgaris L.) (White and Castillo 1989) , growth in apple (Vyvyan 1934) , and stem dry weight in apple (Moore 1975) . Future studies with clonal material, adequately replicated, may identify trees with desirable properties as rootstocks. Provided the donor had been maintained as a hedge, it may be possible to repropagate these clones, although rooting may be low for some genotypes (Greenwood et al. 1991) . These rootstocks may grow more slowly than seedling rootstocks if the hedge was several years from seed. Such maturation of the rootstock could have both desirable and undesirable properties. It is not clear if the benefits would outweigh the costs of such a program.
Conclusions
The growth and reproduction of grafted loblolly pine were much more strongly controlled by the scion genotype than by the rootstock family, at 8 years from grafting. However, rootstocks did have some effect on growth and reproduction. Site effects were also large, and significant site × clone interactions and rootstock × clone interactions were seen in some traits. Rootstock effects were manifested more strongly in some clones than in others. The study did not identify full-sib families that (as rootstocks) would signficantly reduce scion elongation or signficantly increase cone production, for all six scion clones at all three sites.
